Measurements are presented of suspended sediment concentration size fractions with height above the bed. The data were collected over a rippled bed composed of medium sand under regular waves. The variation in the gradient of the suspension profiles was obtained and compared with a mixing length based on a simple exponential reduction in concentration with height above the bed. Using these mixing lengths, with the fall velocity for the different sediments size fractions, estimates for the sediment diffusivity were obtained. The variation in the magnitude of the sediment diffusivity with particle size was assessed and compared with empirical predictions.
Introduction
Particle size sorting of suspended sediments above beds with broad grain size distributions is one of the fundamental dynamics of sediment entrainment (Fredsoe et al 1985, Li and Davies 2001) . The entrainment and near-bed profile of suspended sediment concentration with height above the bed is a function of the boundary layer mixing processes, which are themselves linked to the hydrodynamics, the presence or not of bedforms, and the size distribution of the sediments on the bed. The mixing processes above a rippled bed under waves are often referred to as diffusive or convective depending on the steepness of the ripples on the bed (Nielsen 1992, Davies and Thorne 2008) . Generally if the ripple slopes, η r /λ r , where η r is the ripple height and λ r is the ripple wavelength, have a value less than 0.12 the dominant process is considered to be diffusive and associated with the classical Fickian concept of gradient diffusion originating from kinetic molecular theory where random molecular movements induce mixing. In the case of suspended sediments, it is the turbulent fluctuations in the vertical velocity component that give rise to the upward mixing process. The gradient diffusion approach relies on the vertical mixing length of the suspension being small compared with the vertical extent of the concentration profile as a whole, and the rate of diffusion is proportional to the concentration gradient. Conversely if the ripples are relatively steep with η r /λ r ≥ 0.12, then the mixing close to the bed is dominated by convective coherent process involving boundary layer separation on the lee-side of the ripple crest during each wave half-cycle near maximum flow velocity. The resulting leewake vortex remains attached to the bed entraining sediment into the flow as it grows in size and strength. At flow reversal the sediment-laden vortex is ejected into the water column, carrying sediment to several ripple heights above the bed. This process is coherent and repeatable, with two main periods of sediment entrainment during the cycle at around the times of flow reversal. In this case the mixing due to vortex entrainment occurs on a (relatively) larger 'convective' length scale that is not, therefore, linked so directly to the concentration gradient. It has been discussed that the two mechanisms would give rise to different forms of the suspended sediment concentration profiles with the finer size fraction having an upward convex form and upward concave for the coarser sediment sizes. The implication of the different mixing processes on the sediment diffusivity has also been considered. If the sediment entrainment process is considered to be diffusive then the slope of the logarithmic concentration with linear height above the bed should be inversely proportional to the settling velocity of the grains in suspension. However, for the case of convective processes it has been suggested that the entrainment is essentially independent of settling velocity.
In the present work we report on measurements of suspended sediment concentration profiles collected above a medium sandy bed under regular waves. These concentrations were collected using a pumped sampling system. The samples were dried and sieved into ¼φ size fractions resulting in profiles of suspended sediment concentration in the bottom 0.3 m above the bed for eleven different size fractions. Preliminary analysis of the data is reported with the measurements being compared with predictions for the vertical mixing length and sediment diffusivity. The results are considered within the frameworks of the diffusive and convective processes discussed above.
Suspended sediment formulations
In the simplest case the time averaged vertical turbulent diffusive flux of sediment, q v , is considered to be balanced by the settling of the suspended sediment under gravity, such that:
Here C is the time-averaged sediment concentration at height z above the bed, w s is the sediment settling velocity, and ε s is the sediment diffusivity. The vertical profile of ε s is frequently linked to the eddy viscosity, ν t , used to model the transfer of momentum by turbulent eddies. The eddy viscosity, ν t , represents the product of a turbulent velocity scale and a mixing length scale. Both of these factors therefore affect the sediment diffusivity which is commonly expressed as ε s = βν t where the coefficient β is either assumed to be a constant (equal to unity, or larger or smaller than unity) or is sometimes considered to have a functional dependence upon the sediment in suspension and the flow parameters The vertical profile of ν t , and hence ε s , in previous applications has been taken to be constant, linear, parabolic, exponential or some combination thereof. These different forms have been associated with various concepts regarding the mixing in the near-bed boundary layer. Hitherto, there has been no consensus on a general form for profiles of the sediment diffusivity or eddy viscosity, though constant and linearly increasing with height above the bed has been used in many near-bed sediment studies.
The vertical mixing of sediment is necessarily closely related to the vertical transfer of momentum. If the bed is flat, the periodic surface-wave-induced vertical velocity, w w , is very small in the near-bed layer, tending to zero at the bed itself. Thus w w may be assumed to contribute little to the upward flux of sediment w w C w near the bed, where C w is the periodic component of the suspended concentration and the over-bar denotes time averaging. Rather higher above the bed, it has been shown by Sheng and Hay (1995) 
where the primes here denote, respectively, the random turbulent contributions to the concentration and the vertical velocity.
In contrast, above a rippled bed, the sloping sides of the bed forms give rise to locally significant, periodic, vertical velocity contributions arising from both the (frictionless) wave action and the (frictional) process of vortex formation. Thus, in a ripple-averaged sense, the (convective) term Rearranging equation (5) and integrating gives the standard equation:
where C o is the reference concentration. Over rippled beds ε s is often considered constant in a near bed region of several ripple heights and making this assumption gives Nielsen (1992) suggested that the sediment diffusivity for rough and rippled beds follows from his eddy viscosity formulation,
, where A w is the near bed orbital excursion, ω is the angular frequency of the surface wave, k s is the bed roughness. The relationship ε s = βν t is used, with the value adopted for β reflecting the relatively high efficiency of the eddy shedding process in entraining sediment into suspension. In particular, Nielsen (1992) adopted β = 4 leading to the following expression for the near-bed sediment diffusivity above ripples:
The physical explanation for the large value of β used by Nielsen and others has not been fully explained by either models or experiments. However, it would appear to be linked to 2D and/or 3D temporal-spatial correlations between the instantaneous velocity and concentration fields. Nielsen's (1992) proposed expression for the equivalent roughness k s in equation (8) was k s = δη r (η r /λ r ) where δ = 8, η r is the height and λ r is the wavelength of the ripples on the bed. However, other works ) found this to be a rather low value for δ and values of δ = 25 (Swart, 1974) has been more commonly used and is used here.
The second formulation for ε s is that of Van Rijn (1993) . This was derived empirically for waves alone and involves a three-layer structure for ε s covering the full water column. Importantly, it represents the sediment diffusivity in the nearbed layer (z ≤ ζ s ) as being constant with height:
Here ε b and ε m are, respectively, constant values for the sediment diffusivity near the bed and in the upper half of the water column, with the latter value being the larger; ζ s is the thickness of the near-bed mixing layer and h is the water depth. This eddy diffusivity is constant in the near-bed layer, is linearly increasing with height in the layer above this, and then remains constant in the upper half of the flow. Van Rijn suggested a lower layer thickness given by ζ s = 3η r . In the present paper, we have adopted the expression ζ s = k s (=25η r (η r /λ r )) for ease of comparison with Nielsen's formulation. It may be noted that Van Rijn's expression is recovered from this for ripples having a steepness of η r /λ r = 0.12. Assuming that ζ s = k s , Van Rijn's formulation can be expressed in the same form as that of Nielsen, namely:
1/3 ; s is the relative density ρ s /ρ , ρ s is the grain density and ρ is the fluid density; g is the acceleration due to gravity, υ is the kinematic viscosity and db50 is the median diameter of the bed sediments. In the present study, where the measurements were confined to the bottom one tenth of the water column, it is only the prediction for the near-bed constant region that is assessed.
As well as the expressions for ε s , Nielsen (1986) proposed a simple empirical exponential suspended concentration profile applicable to rippled beds, where w s is the settling velocity of the sediment in suspension. This simple description has been used with some success.
In the present study pumped sample data is used to assess some of the expressions above, in particular the values for ε s and L S and their variation with grain size are compared with the data collected on the suspended sediments for the different size fractions
Experimental arrangement and data
This study was carried out in the Deltaflume of Deltares Delft Hydraulics, the Netherlands. This large scale wave flume facility shown in figure 1 was 230m long, 5m wide and 7m deep and allows field scale processes to be studied under controlled wave conditions. Measurements were carried out above a sandy bed with a median size of d 50 =330µm and d 10 =170 µm and d 90 =800 µm. For the data reported here a regular wave sequence was used with a wave height, H=1.03m and a wave period, T=4 s. The sequence was run for 60 minutes before the data collection period to establish nominal equilibrium conditions. To measure the suspended sediments and bedform response to these conditions an instrumented tripod STABLE, (Sediment Transport And Boundary Layer Equipment) was deployed in the flume. A figure of STABLE and the instrumentation deployed on it is shown in figure 2. The focus of the present study was on the measurements collected by a pumped sampling array. The nozzle intakes had a diameter of 0.004 m and were aligned alongshore at 90 o to the wave orbital motion. Data were collected at ten heights above the undisturbed bed; 0.053, 0.073, 0.102, 0.131, 0.180, 0.255, 0.400, 0.653, 1.050 and 1.553 m. However, due to the settlement of STABLE and the presence of mobile bedforms, the actual heights of the pumped sample array nozzles varied throughout the deployment. To obtain the actual heights of the nozzles, the bed echo from the 4.0 MHz transducer of a three frequency acoustic backscatter system, ABS, was used to locate the bed level. As shown in figure 2 the 4.0 MHz transducer was the closest to the pumped sample array being within 0.16 m in the x-direction (alongshore) and 0.07 m in the y-direction (into the paper, cross-shore). The lack of exact collocation of the 4.0 MHz transducer and the pumped sample array does leave some uncertainty as to the exact height of the nozzles above the bed, but it is a better estimate than simply using the heights above the undisturbed bed. In the results presented here the heights of the nozzles were reduced by 0.03 m above the bed to account for settlement and bedforms. Ten litre samples of the watersediment mixture were drawn off at each height above the bed and collected in a container. These container samples were allowed to settle, the excess water drained off and the remaining sediments oven dried at 120 o C and the dried sediments sieved into ¼φ size fractions, between 53-1000 µm.
Samples collected on the bed sediments and using the pumped sample array for the suspended sediments are shown in figure 3 . The thick solid line is the bed sediment and this can clearly be seen to have a size distribution with a significantly coarser size fraction than the suspended sediments. The size distribution for the suspended sediments comes from the first six nozzles above the bed. Although material was collected at nozzles higher above the bed there was insufficient material to obtain an accurate size distribution using the sieve sizing available. To obtain data on the bedforms an Acoustic Ripple Profiler, ARP, was deployed. The technique uses a radially rotating 2 MHz acoustic pencil beam to measure the vertical profile of the bed along a 3 m transect. For the experiment described here 36 profiles over the same transect were collected over a 20min period as the pumped samples were collected. Measurements of ripple profiles over known bedforms have shown the instrument to have a vertical accuracy of ±0.005 m. To obtain the ripple height and wavelength, each of the profiles was processed and mean values obtained for the duration of the experiment. The ripple wavelength, λ r , was obtained using a zero crossing point analysis and defined as λ r = 2 r l where r l was the distance between adjacent zero crossing points on the profile. The over-bar indicates averaging over the profile length. To obtain the ripple height, η r , the absolute value of the zero mean measured profile was taken, from which the peaks, p r , were identified, yielding the mean ripple height as r r p 2 = η . Values of λ r and η r were obtained for each profile, and these were then averaged to give mean values for the experiment . For the present study the analysis gave mean values averaged over the 36 transects of λ r = 0.296±0.02 m and η r = 0.041±0.003 m; using these values the mean slope was estimated as η r /λ r =0.139. This slope is greater than the value of η r /λ r =0.12 and therefore it is within the flow separation, vortex entrainment regime associated with convective rather than diffusive processes.
Data analysis and results
Initially the vertical profile of d 50 and the C t , the concentration summed over all size fraction was considered and the results are shown in figure 5. Most sediment transport models do not have particle size sorting in their formulations and therefore there is no general expression for the variation in particle size with height above the bed, though this has been modelled by Davies and Thorne (2002) using a multigrain size approach. In the present case the data followed a power law and the expression that fitted the data in figure 5a was:
The reference height and size used was z r =0.001m and d r =0.8d b50 . It would be interesting to consider other data sets to see if the form of equation (13) has broad application. To assess the concentration profile equation (11) was used with C o fitted to the data and with criterion of equation (12b) adopted as the appropriate choice for L sn based on the overall settling velocity, thereby giving L sn =1.4η r . This gave predictions that increasingly underestimated the observed values for C t with height above the bed. A better fit to the data and the one used in figure 5b was L s =3.1η r . It is highly unlikely that the measurement of η r was in error by a factor of two and therefore the value of 1.4 relating mixing length to ripple height may need reconsidering.
To assess the concentration profiles for the different size fractions these were plotted separately for each sieved size. The data is presented in figure 6 . Fig. 5 . Profiles of the median particle size and total concentration with height above the bed. In general the logarithm of the concentration when plotted against height above the bed has a linear form, with the data clearly showing d(logC)/dz increasing with particle size. However, there also appears to be a change in profile shape from upward convex to upward concave as the particle size increased as reported by Nielsen (1992) . Equation (11) was fitted to the data with C o and L s used as adjustable parameters. The line in each of the plots is the result of this fitting. In contrast to the published results of Nielsen (1983) , the value for L s is clearly seen to reduce as particle size increased. To assess this reduction and compare with equation (12) Nielsen's (1984) non-dimensional approach of using the measured relative vertical mixing length, L s /η r , plotted against the normalized velocity, A w ω/w s , is shown in figure 7 . As can be seen the relative mixing length steadily increases with the normalized velocity. Equation (12) is compared with the observation with the adjustment L s =2.2L sn because L sn under predicts the observed values. As can be seen the fit to the adjusted mixing length is good up to A w ω/w s ≤20; however, above this value, the measured values for L s /η r continue to increase, though at a somewhat reduced rate, while equation (12) predicts a fixed value of 1.4. Nielsen (1984) interpreted the break in curve at A w ω/ws=18 to be associated with more effective vortex trapping of the fine grained sediments with the mixing controlled by the ripple height resulting in the same concentration profile regardless of any size variation among the fine grains. In the present data set the sharp change in slope at A w ω/ws=18 is not observed, which may be indicative of a more gradual transition in the effectiveness of convective entrainment from the larger grains to smaller grains.
As expressed in equation (3), the settling of the suspended sediment towards the bed is counterbalanced by an upward gradient diffusion from the bed due to the vertical turbulent motion. A measure of the upward diffusion is the sediment diffusivity, ε s . If the nearbed sediment diffusivity is considered to be constant, equation (7) is obtained and this can be equated to equation (11) to give ε s =L s w s , which can be compared with prediction from equations (8) and (10). To this end figure 8 shows measurements, for the different size fractions, of the normalized sediment diffusivity obtained using ε s =L s w s plotted against the normalized velocity. The data show a relatively constant value for the normalized diffusivity for A w ω/w s ≤20, while above this value there is a steady reduction in the normalized sediment diffusivity. This could be interpreted as the larger grains being less effectively constrained by the vortex eddy and subject to more diffusivity, while the smaller grains are increasingly trapped within a sediment laden vortex and their diffusivity constrained. Equations (8) and (10) both underestimate the observations of sediment diffusivity, though with the van Rijn formulation being closer; this is consistent with a recent publication by Thorne et al 2009 . If the van Rijn constant factor in α b is increased from 0.004 to 0.006 the predictions are in much closer agreement with the observations when A w ω/w s ≤20. To get similar agreement with the data in the A w ω/w s ≤20 regime the Nielsen value for sediment diffusivity obtained from equation (8) has to be increased by a factor of 2.5.
Conclusions
The present work reports on a provisional analysis of sieved size concentration profiles above a rippled bed under regular waves. The ripples on the bed had a mean slope of 0.139 indicating that vortex entrainment would be contributing to, if not dominating, the nearbed mixing process. The pumped sample suspended sediment measurements showed a clear size sorting with height above the bed with the different size fractions having a mixing length that reduced with w s . For the larger size fraction L s was inversely dependent on w s , while the smaller size fractions were below this line. Comparison of equation (12) with the data was favorable when L sn was increased by a factor of 2.2 for the regime A w ω/w s ≤20, however, above A w ω/w s =20 the measurements continued to increase while equation (12) predicted a constant value of L sn =1.4. The sediment diffusivity was calculated using ε s =L s w s and gave a nominally constant values for A w ω/w s ≤20, above this value the sediment diffusivity reduced. This has provisionally been interpreted within a convective-diffusive framework, with the eddies effectively trapping the fine size fractions leading to concentration profiles becoming less dependent on the size fraction, while the coarser grains are still transported upwards by the eddies, but more diffusively and less constrained within the eddies, thereby resulting in concentration profiles more dependent on particle size.
